Sirtuins are emerging as key regulators of many cellular functions including metabolism, cell growth, apoptosis, and genetic control of ageing. In mammals there are seven sirtuin analogues, SIRT1 to SIRT7. Among them SIRT3 is unique because this is the only analogue whose increased expression has been found to be associated with extended lifespan of humans. SIRT3 levels have been shown to be elevated by exercise and calorie restriction. Although the role of SIRT3 in cell biology is only beginning to be understood, initial studies have shown that SIRT3 plays a major role in free fatty acid oxidation and maintenance of cellular ATP levels. In the heart SIRT3 has been found to block development of cardiac hypertrophy and protect cardiomyocytes from oxidative stress-mediated cell death. Similarly, SIRT3 has been reported to have tumour-suppressive characteristics. In this article, we review the known effects of SIRT3 in different tissues and relate them to the protection of cardiomyocytes under stress.
Introduction
The desire to live longer and probably forever has long fascinated mankind. Concoctions to prevent ageing and maintain youth have been described in medical books of ancient civilizations, including Charaka Samhita, the most ancient textbook of Ayurveda (an Indian system of traditional medicine), which is believed to have been written centuries before the birth of Christ. It seems our forefathers found a way to live longer and healthy by undergoing calorie restriction, a diet regimen that is considered to be impractical for modern society where food is surplus and time is scarce. Even though vaccination, antibiotics, better child care, and early disease-detection techniques in combination with modern drugs have helped us to increase our average lifespan, the quest to increase maximal lifespan still remains elusive. The major advances in ageing research that we have witnessed in the past two decades are the rediscovery of benefits of calorie restriction, and the delineation of the molecular mechanism involved in its protective effects. Many studies have proposed that the beneficial effect of calorie restriction is mediated through a set of genes collectively called sirtuins (SIRT1 -7). 1 Sirtuins belong to class III histone deacetylases that are dependent on nicotinamide adenine dinucleotide (NAD) for their activity. Seven different homologues of yeast Sir2 exist in mammals. Even though named as histone deacetylases, they have several distinct and overlapping non-histone protein targets and functions. SIRT1 is the most widely studied and the closest mammalian homologue of yeast Sir2. SIRT1 is present both in the nucleus and in the cytoplasm, and is shown to deacetylate many non-histone proteins including p53, Foxo, PGC1a, PPARg LKB1, liver X receptor, hypoxia-inducible factor 2a, and TORC2 that are known to play a crucial role in cell survival, metabolism, and stress response. 2 -7 In the heart, low-to moderate overexpression of SIRT1 was found to be cardioprotective, whereas its high-level expression was associated with the development of cardiomyopathy. 8 Similar to SIRT1, SIRT2 was also localized in the nucleus and in the cytoplasm and was shown to be important for chromosomal stability during mitosis. 9 ,10 SIRT-3, -4, and -5 are localized predominantly in mitochondria and are referred to as mitochondrial stress sensors that can modulate the activity of several mitochondrial proteins involved in metabolism (reviewed in Huang et al.
11
). SIRT6 is a chromatin-associated sirtuin analogue involved in the regulation of diverse cellular functions like genomic stability, glucose homeostasis, and inflammation.
12 -14 SIRT6-deficient mice showed complex degenerative phenotype, enhanced rate of ageing, and shortened lifespan. 15 The last member of this family, SIRT7 is found to be associated with nucleoli and condensed chromosomes. 16 ,17 SIRT7-deficient mice have reduced lifespan, and develop cardiac hypertrophy and inflammatory cardiomyopathy. 18 From these early studies, it seems that sirtuins have considerable redundancy in targets and regulate the fundamental aspects of longevity like cell survival, metabolism, and stress resistance. Of the seven sirtuins, SIRT3 is the only sirtuin analogue whose increased expression was shown to be associated with longevity of humans. 19, 20 In a clinical study, it was reported that older individuals (60+ years) with a sedentary lifestyle had 40% reduced SIRT3 levels when compared with younger subjects, and after endurance exercise, the health benefits of older patients were accompanied by elevated levels of SIRT3. 21 In another study, increased expression of SIRT3 due to polymorphism in the SIRT3 promoter was found to be associated with an extended lifespan of man, thus implicating a role of SIRT3 in the genetic control of human ageing. 19, 20 From these studies, the role of SIRT3 in cardioprotection is apparent as cardiovascular disease is the leading cause of mortality among adults above age 60; though very few studies have examined the role of SIRT3 in the heart, so far. In this review we discuss, our understanding of the role of SIRT3 in relation to the heart, and how SIRT3-mediated regulation of enzyme activity by protein-deacetylation reported in other tissues could correlate with dysfunction of the heart.
Subcellular localization of SIRT3
Understanding subcellular localization of a protein is important for delineating the physiological function of the protein, and also to identify its interacting partners to learn how they influence each others' activity under different physiological conditions. Subcellular localization of SIRT3 has been a subject of considerable debate. Several studies suggested a strictly mitochondrial localization of SIRT3, which was contradicted by others who found its presence in the nucleus and cytoplasm as well. 22 Intertwined with disputes of localization are the reports regarding the size of SIRT3. The full-length human SIRT3 (hSIRT3) is a 44 kDa protein with an N-terminal mitochondrial localization sequence (MLS). 23 Initially, it was considered that the nuclear form of SIRT3 is enzymatically inert. Following import to mitochondria, 142 amino acids from the N-terminal of full-length hSIRT3 are cleaved by matrix processing peptidase (MPP) present in the mitochondrial matrix to generate an active 28 kDa short form. 23 This was confirmed by another study, which showed mitochondrial cristae as the seat of short form of hSIRT3, while overexpressed full-length hSIRT3 was localized in the cytoplasm. 24 In contrast to this, Scher et al. 25 reported that full-length hSIRT3 is a nuclear protein that translocates to the mitochondria upon stress. These studies were later challenged by Cooper and Spelbrink, 26 who demonstrated that endogenous hSIRT3 was present exclusively in the mitochondria, whereas overexpression of hSIRT3 lacking MLS led to the expression of protein both in the cytoplasm and in the nucleus. Contrary to hSIRT3, the mouse SIRT3 (mSIRT3) was initially reported to lack the mitochondrial localization signal. 27 -29 Yet, it was shown to be localized in the inner mitochondrial membrane, thus casting shadow over the previously identified MLS-mediated mechanism of mitochondrial localization and MPP-mediated protein cleavage. Amidst these controversies, we found that like hSIRT3, mSIRT3 is also expressed in two forms, an 44 kDa long form and a 28 kDa short form. 30 In a later study, Cooper et al. 31 identified three different splice variants for mSIRT3, designated as M1, M2, and M3. The translation of M1, M2, and M3 begins from Met1 (methionine1), Met15, and Met78, respectively. This study also showed that M3 lacks the mitochondrial leader peptide, and is equivalent to the human short form of SIRT3 (Met 143). M1 and M2 were found to be localized in the mitochondria, whereas, overexpression of M3 did not result in mitochondrial localization, but showed a uniform cytoplasmic distribution, and upon high level of overexpression it was found to be localized in the nucleus as well. Like hSIRT3, M1 and M2 were also found to be cleaved to generate identical shorter forms, similar in size to M3. We observed that in the heart, the endogenous long form of mSIRT3 was localized to the mitochondria, cytoplasm, and to a lesser extent in the nucleus; whereas, the short form of mSIRT3 was detected only in the mitochondria. 30 There is no other report currently available regarding the localization of endogenous SIRT3 in the heart. With the deletion of mSIRT3, it was found that lysine acetylation increased only in the mitochondrial proteins, thus again providing evidence that mSIRT3 is the main deacetylase localized in the mitochondria. 32 However, this study does not exclude the possibility of SIRT3 localization outside the mitochondria, as other sirtuins might have overtaken the effect of SIRT3 deficiency in other compartments. In a recent study, Bao et al. 33 reported that after overexpression of long and short form of mSIRT3, both forms were detected in the nuclear and cytoplasmic fractions of mouse embryonic fibroblasts (MEFs) and H9C2 cells and both forms were enzymatically active. For clarity, subcellular localization of endogenous SIRT3 in human and mouse as reported is summarized in Table 1 . Overall, these studies suggest the existence of similar mechanisms for subcellular localization, cleavage, and protein conservation between hSIRT3 and mSIRT3, except that no splice variants of hSIRT3 have been reported.
SIRT3, reactive oxygen species production, and cardiac hypertrophy
The heart produces and utilizes more energy than any other organ, and more than 90% of its energy is produced from mitochondrial respiration. 34 Normal cardiac function could be maintained only if ATP is continuously re-synthesized. 35 To meet this high energy demand, cardiomyocytes have the highest density of mitochondria among all mammalian organs and occupy 30% of the heart volume. 34 Undesirable side effects of this high metabolic rate are the production of reactive oxygen species (ROS). These ROS, if unchecked can cause serious damage to cells through oxidation of proteins, lipids, and nucleic acids, by causing unwanted posttranslational modification of proteins, altering the fluidity of the lipid membranes, and mutations in genomic and mitochondrial DNA. 36 SIRT3 and heart disease mitochondrial respiration are converted to hydrogen peroxide by SOD, whereas catalase and glutathione peroxidase help to convert hydrogen peroxide to water. The expression of SOD, particularly MnSOD, and catalase has been shown to be regulated by the members of the family of forkhead transcription factors (Foxos). Foxo3a binds to the gene promoters of MnSOD and catalase, and transcriptionally upregulates their expression, thereby reducing the cellular ROS levels. 37, 38 Increased production of ROS has been strongly implicated in the development of cardiac hypertrophy. 39, 40 We have recently reported that SIRT3 blocks cardiac hypertrophic response through activation of Foxo3a-dependent antioxidant defence mechanism in mice. 41 SIRT3-deficient mice though, looked normal in their routine activity, developed cardiac hypertrophy, and interstitial fibrosis at 8 weeks of age. These mice showed extreme hypertrophic response when challenged with hypertrophic agonists. On the other hand, transgenic mice overexpressing SIRT3 in the heart effectively blocked agonist-mediated cardiac hypertrophy. Cardiomyocytes cultured from SIRT3-deficient hearts showed increased ROS levels, when compared with their respective wild-type controls, suggesting that SIRT3 prevented cardiac hypertrophic response by scavenging cellular ROS. This observation was supported by findings showing reduced activation of the Ras oncoprotein and its downstream targets, namely MAPK/ERK and PI3K/Akt signalling pathways in SIRT3 transgenic mice, compared with wild-type controls, infused with hypertrophic agonists. In this study, SIRT3 used for the construction of transgenic mice lacks mitochondrial localization signal and hence was found to exert its function by deacetylating the transcription factor, Foxo3a, aiding its localization in the nucleus. Activation of Foxo3a resulted in the transcriptional upregulation of MnSOD and catalase. SIRT3-deficient mice showed reduced activity of MnSOD and catalase. On the other hand, SIRT3 transgenic mice had increased basal levels of both MnSOD and catalase, which remained unchanged when challenged with hypertrophic agonists, thus suggesting that SIRT3 elevates anti-oxidant defence mechanism of the heart. These observations were supported by another study, where SIRT3 was shown to have the potential to suppress tumour progression. Kim et al. 42 reported significantly increased ROS levels in SIRT3-deficient MEFs subjected to genotoxic and metabolic stress. The same study also showed that increased levels of ROS in SIRT3-deficient MEFs partly contributed to the tumour-permissive phenotype of cells.
The tumour-suppressive characteristic of SIRT3 observed in this study also supports the anti-hypertrophic activity of this molecule reported by us before (Figure 1 ). 
SIRT3 and metabolism
One of the hallmarks of cardiac remodelling associated with hypertrophy is the transcriptional reprogramming leading to foetal gene activation. This change in gene expression also causes considerable Figure 1 Mechanisms of anti-hypertrophic effects of SIRT3. Akt activation is widely implicated in the development of cardiac hypertrophy. SIRT3
blocks cardiac hypertrophy by suppressing the Akt signalling in cardiomyocytes by, at least, two ways. First, it deacetylates and activates LKB1, thereby activating AMPK. AMPK activation is known to suppress Akt phosphorylation. Second, SIRT3-mediated deacetylation promotes nuclear localization of Foxo3a, leading to enhanced transcription of Foxo3a-dependent antioxidant genes, e.g. MnSOD, thereby reducing cellular ROS levels. Increased ROS levels are known to activate Ras, which in turn activates Akt. By blocking cellular ROS levels, SIRT3 shuts down the activity of Ras and thus the activity of Akt (for details see Sundaresan et al. 41 and Pillai et al. 56 ).
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metabolic transformation in the heart. A normal healthy heart oxidizes both fatty acids and glucose simultaneously for its energy needs. 43 But during cardiac hypertrophy, just like foetal heart, fatty acid oxidation becomes impaired, compromising the ability of the heart to oxidize long-chain fatty acids. This causes a switch in the myocardial energy substrate utilization from fatty acid b-oxidation to glycolysis. 44 During the initial compensatory phase of hypertrophy, this switch in substrate preference increases the efficiency of the heart, but when hypertrophy prolongs, this metabolic adaptation becomes insufficient owing to decreased capacity to oxidize glucose, leading to heart dysfunction, and eventually to failure. 44, 45 Emerging evidence indicates that reduction in the activity of PGC-1a is associated with a shift from fatty acid oxidation to glycolytic metabolism in the heart. 35, 46 PGC1a has been shown to be downregulated in hypertrophied and failing hearts, as well as in cultured cardiomyocytes subjected to develop hypertrophy. 47 -51 PGC1a is an acetylated protein, and this post-translational modification inhibits its activity. 52 Both SIRT1 and SIRT3 have been shown to activate PGC-1a in different cell types, though only SIRT1 was shown to deacetylate PGC1a. 28, 53, 54 SIRT1 has been implicated in the regulation of systemic and hepatic glucose, lipid, and cholesterol homeostasis in mice. These effects of SIRT1 were found to be mediated through its ability to activate PGC-1a, and some of them were observed only under fasted conditions. 5 Thus, it appears that SIRT1 is an important player in the regulation of free fatty acid oxidation and glucose metabolism, in response to mild stress (fasting). Recent studies conducted with SIRT3-deficient mice complemented these findings and revealed the important role of SIRT3 in regulating free fatty acid metabolism under stress. Hirschey et al. 55 observed that SIRT3 knockout mice had 50% reduction in free fatty acid oxidation, which resulted in the accumulation of long-chain fatty acids in the liver upon fasting. They also found that fasted mice had a 33% reduction in fatty acid oxidation in the heart. The defect in free fatty acid oxidation was correlated with increased acetylation of long-chain acyl-CoA dehydrogenase (LCAD) in SIRT3-deficient mice, which led to decreased enzymatic activity of LCAD by 40%. Since cardiac hypertrophy is also associated with reduced free fatty acid oxidation, and SIRT3 levels are reduced in hypertrophied/failing hearts, 41 it seems to be of logic to assume that similar SIRT3-mediated mechanisms could operate in the heart to regulate free fatty acid oxidation.
One of the consequences of defective free fatty acid oxidation is reduced production of ATP. Several studies, including ours have shown a positive correlation between ATP depletion and cardiac hypertrophy. 35, 56 Basal ATP levels were found to be correlated with SIRT3 levels in several tissues. Many organs having lower ATP levels like pancreas, spleen, and skeletal muscle were shown to have reduced SIRT3 expression, while organs with higher ATP levels like heart, liver, and kidney showed higher levels of SIRT3 expression.
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SIRT3-deficient MEFs were also showed to have 30% reduced basal ATP levels. The hearts of SIRT3-deficient mice showed more than 50% reduction in ATP level, compared with wild-type mice. 57 Furthermore, in stress conditions where ATP demand is high, increased expression levels of SIRT3 have been noticed. These studies demonstrated that SIRT3 is an important player in the regulation of cellular ATP levels. Although the mechanism of SIRT3 in regulating the ATP biosynthesis is yet to be fully understood, several proteins of the mitochondrial complex 1 were found to be hyperacetylated in SIRT3-deficient mice. SIRT3 was also shown to directly interact with and deacetylate NDFU9 subunit of complex 1. 57 In the liver, fasting ATP levels were found to be reduced by 43% in SIRT3-deficient mice, and that was associated with acetylation and decreased activity of LCAD. 55 61 There is also a report showing that SIRT3 enhanced the oxidative phosphorylation by modulating the activity of cyclophilin D. SIRT3-mediated deacetylation of cyclophilin D inhibits its enzymatic activity, thereby inducing its dissociation from ANT1 (adenine nucleotide translocator), which then promotes detachment of hexokinase-II from voltage-dependent anion channel. This process caused redistribution of hexokinase-II from mitochondria to cytosol, resulting in an increase in mitochondrial oxidative phosphorylation. 62 These studies underscore a nonredundant and specific role of SIRT3 in maintaining the cellular energy balance, thus suggesting the immense possibility of finding other mitochondrial proteins whose activity could be modulated by SIRT3 in the heart. Yet another mechanism through which SIRT3 regulates energy metabolism is by activating AMP-activated protein kinase (AMPK). 54, 56, 63 AMPK is activated by its upstream kinase LKB1 in the a-subunit at threonine 172 (T172), which lies in the activation loop. Activated AMPK can upregulate the catabolic pathways such as cellular glucose uptake and fatty-acid oxidation resulting in the increased production of ATP, while switching off anabolic pathways that consume ATP. Since the heart produces and consumes more energy than any other organ, it is highly relevant that AMPK may act as a key regulator of energy metabolism in the heart. 64 Consistent with this notion, activation of AMPK was shown to inhibit cardiac hypertrophy in both in vitro and in vivo models. 65, 66 Further, cardiacspecific deletion of LKB1 was found to induce cardiac hypertrophy and heart dysfunction. 67 Recently, we have shown that SIRT3 can interact with and deacetylate LKB1 in the heart. This resulted in the activation of LKB1 which in turn activated AMPK. Activation of AMPK by exogenous supplementation of NAD rescued the heart from ATP depletion and blocked the activation of pro-hypertrophic Akt signalling (Figure 1) . 56 AMPK has also been shown to activate PGC1a, which has been implicated in blocking the cardiac hypertrophic response. 66 These studies indicate that SIRT3-mediated AMPK activation could be another alternative mechanism through which SIRT3 can protect the heart from developing pathologic hypertrophy.
SIRT3 and apoptosis
Only very few studies have addressed the role of SIRT3 in apoptosis and the results are largely contradictory. SIRT3 has been shown to possess pro-apoptotic as well as anti-apoptotic activity depending upon cell type. Tumour cells (K562) stably made to deplete or to SIRT3 and heart disease overexpress SIRT3 were not rescued from kaempferol (an oxidative stress-inducing agent) induced cell death. 68 Allison and Milner reported that apoptosis of HCT116 cells induced by Bcl-2 silencing was prevented by depletion of SIRT3, thus suggesting pro-apoptotic effects of SIRT3 in cancer cells. 69 Observations of these studies partially contradicted the role of SIRT3 in cell death as reported by other studies. Overexpression of Nampt, a stress-and nutrient-responsive gene, involved in the biosynthesis of NAD, has been shown to protect human fibrosarcoma cells against genotoxic agents. This protection was found to be mediated through activation of SIRT3 and SIRT4 in mitochondria. 70 In cardiomyocytes, we observed that after oxidative stress SIRT3 levels were elevated in both the nucleus and mitochondria, and overexpression of SIRT3 protected cardiomyocytes from cell death. 30 This protection was seen with the overexpression of wild-type SIRT3 and nuclear SIRT3 (lacking MLS), thus demonstrating that in addition to mitochondria, SIRT3 also plays a role in the nucleus to protect cells from death. Nuclear full-length SIRT3 has also been found to be enzymatically active and capable of deacetylating histones H3-K9ac and H4-K16ac both in vivo and in vitro, 25 thus implicating that some of the antiapopototoic effects of SIRT3 could be mediated through its ability to deacetylate nuclear targets. 30 Like its homologue SIRT1, these observations raise the possibility of existence of several non-histone proteins as targets of SIRT3 regulating apoptosis. However, not much is known besides deacetylation of histones, which could explain the ability of nuclear SIRT3 to protect cells from genotoxic stress.
Mitochondria plays a prominent role in the induction of apoptosis after cellular stress. The initiating events of this process are translocation of a pro-apoptotic protein Bax from cytoplasm to mitochondria. Translocation of Bax to mitochondria causes release of cytochrome c, which activates caspase-9. Activated caspase-9 further cleaves pro-caspase-3 to caspase-3 resulting in the induction of apoptosis. Under survival conditions, Bax is in complex with Ku70, which prevents translocation of Bax to mitochondria and thereby blocking apoptosis. This Ku70-Bax interaction is lysine-acetylation-sensitive. Only deacetylated Ku70 forms complex with Bax, whereas acetylation of Ku70 releases Bax, thus enabling it to translocate to the mitochondria, where it initiates apoptotic cascade. Several studies have shown that SIRT1-mediated deacetylation of Ku70 sequesters Bax away from mitochondria. 71, 72 However, in cardiomyocytes SIRT1 was not found to be effective in deacetylating Ku70. Instead, we found that SIRT3 was capable of binding to and deacetylating Ku70. Accordingly, overexpression of SIRT3 blocked the translocation of Bax into mitochondria upon genotoxic stress. 30 SIRT3 overexpression also rescued SIRT1-deficient HeLa cells from apoptosis induced by genotoxic stress, thus establishing a role of SIRT3 in deacetylating Ku70 and protecting cells from apoptosis. 30 Increased activity of p53 after acetylation has also been implicated in apoptosis. Most recently, SIRT3 was found to directly interact with and deacetylate p53, thereby abrogating its activity to execute growth arrest and senescence in bladder carcinoma cells. 73 From these studies, it appears that SIRT3 might have variable effects in many cancer cell lines but was found to be anti-apoptotic in cardiomyocytes.
Future perspectives
SIRT3 is a protein of tremendous potential, which can modulate a variety of cellular processes, including growth arrest, apoptosis, senescence, and metabolism. At this time a 'pubmed' search with keyword 'SIRT3' yielded only 75 results. Even though current research has identified several SIRT3 targets ( Table 2 ) and broadened our understanding of this molecule, it seems like the tip of the iceberg. Moreover, very few studies have addressed the role of SIRT3 in the heart. Several other questions need to be resolved to fully understand its function in the heart. For example, the discovery that nuclear SIRT3 is enzymatically active, and that it can stimulate Foxo3a to transcriptionally activate the expression of antioxidant genes, suggests that SIRT3 has the potential to exert a complex influence on the transcription of genes, which has not yet been examined. It will be interesting to see if SIRT3 is capable of deacetylating and inactivating transcription factors like MEF2 or GATA4, whose overactivation by acetylation has been implicated in the progression of cardiac hypertrophy. In this context, it is important to recollect that the transgenic mice used in our study lack mitochondrial localization signal, and further studies utilizing full-length SIRT3 need to be conducted to understand the direct effect of SIRT3 on mitochondrial proteins in the heart. Even though SIRT3 has been shown to activate PGC1a, which is known to participate in mitochondrial biogenesis, a full understanding of the role of SIRT3 in mitochondrial regeneration and its association with the development of cardiac hypertrophy needs to be examined in detail. Because SIRT3 was found to regulate free fatty oxidation, there is a great possibility that during hypertrophy, change in SIRT3 levels dictates shift in cardiac metabolism from free fatty acids to glycolysis. The observation that SIRT3-deficient mice developed an early-age onset of hypertrophy associated with fibrosis warrants the need for studying SIRT3 gene mutations in familial hypertrophic cardiomyopathies, and also the role of SIRT3 in the differentiation of myoblasts and myofibroblasts. Regarding the post-translational modifications, there is a very high probability that SIRT3 could be posttranslationally modified, which could influence its localization and/or function. By analysing the SIRT3 sequences, Onyango et al. 24 have identified potential post-translational modification sites like glycosylation, phosphorylation, N-myristoylation, and amidation sites for SIRT3. However, so far no post-translational modifications of SIRT3 have been reported. Future research in this area will help to identify modifications that regulate SIRT3 activity, which might enable us to develop agents that can modulate its activity. Associated with this, is the need for identifying small molecular activators of SIRT3, which may lead to the development of new therapeutic agents for the treatment of heart failure and other diseases, where loss of SIRT3 seems to plays a leading role in pathogenesis.
